Aims Across their range, widely distributed species are exposed to a variety of climatic and other environmental conditions, and accordingly may display variation in life history strategies. For seed germination in cold climates, two contrasting responses to variation in winter temperature have been documented: first, an increased ability to germinate at low temperatures (cold tolerance) as winter temperatures decrease, and secondly a reduced ability to germinate at low temperatures (cold avoidance) that concentrates germination towards the warmer parts of the season. † Methods Germination responses were tested for Calluna vulgaris, the dominant species of European heathlands, from ten populations collected along broad-scale bioclimatic gradients (latitude, altitude) in Norway, covering a substantial fraction of the species' climatic range. Incubation treatments varied from 10 to 25 8C, and germination performance across populations was analysed in relation to temperature conditions at the seed collection locations. † Key Results Seeds from all populations germinated rapidly and to high final percentages under the warmer incubation temperatures. Under low incubation temperatures, cold-climate populations had significantly lower germination rates and percentages than warm-climate populations. While germination rates and percentages also increased with seed mass, seed mass did not vary along the climatic gradients, and therefore did not explain the variation in germination responses. † Conclusions Variation in germination responses among Calluna populations was consistent with increased temperature requirements for germination towards colder climates, indicating a cold-avoidance germination strategy conditional on the temperature at the seeds' origin. Along a gradient of increasing temperatures this suggests a shift in selection pressures on germination from climatic adversity (i.e. low temperatures and potential frost risk in early or late season) to competitive performance and better exploitation of the entire growing season.
INTRODUCTION
Seedlings are more sensitive to severe environmental conditions than both adult plants and seeds of the same species (Marcante et al., 2012) , rendering germination a risky one-way transition in the plant life cycle (Daws et al., 2007) . Consequently, strong selection pressures act on germination responses, resulting in a range of strategies to time germination appropriately to places or times that are suitable for seedling survival and onward growth. A range of environmental conditions tell seeds whether or not they are in a place suitable for germination, such as light conditions (Pons, 1989; Bell et al., 1995) , smoke after burning (Brown et al., 2003; Måren et al., 2010) and moisture (Perez-Fernandez et al., 2000) ; timing strategies for germination are often cued by temperature regime (Grime et al., 1981; Cavieres and Arroyo, 2000) and cold stratification (Meyer et al., 1989; Meyer and Monsen, 1991; Cavieres and Arroyo, 2001) . Variation in germination behaviour response to such cues has been documented both between (Grime et al., 1981; Daws et al., 2002) and within species (Billings and Mooney, 1968; Meyer and Monsen, 1991; Philippi, 1993; Schütz and Milberg, 1997; Cavieres and Arroyo, 2001) .
It is often argued that life under severe and unfavourable climatic conditions will select for increased environmental tolerance in local populations. Accordingly, Bevington (1986) using incubation temperatures of both 14 and 18 8C, and Benowicz et al. (2001) using ambient temperatures between 20 and 30 8C found generally higher and faster germination for seeds of paper birch from populations with colder climates. Mondoni et al. (2008) showed that seeds of Anemone nemorosa from cool locations display increased germination under incubation at 4 8C when compared with seeds from populations at warmer sites. In addition, Hawkins et al. (2003) reported increased frost resistance in seedlings from cold-climate populations for Picea glauca × engelmannii and Thuja plicata. Such germination strategies may confer a selective advantage by enabling earlier germination and thus more effective exploitation of a relatively short growth season. Alternatively, a high risk of recruitment failure under adverse climates may pose strong selective pressure for timing germination to periods of optimal survival probability, while avoiding potentially severe periods, which would result in a cold-avoidance strategy, i.e. higher temperature requirements for germination in populations from cold climates. While this has been reported at the between-species scale, when comparing coldclimate with warm-climate species (Chabot and Billings, 1972; Grime et al., 1981; Baskin and Baskin, 1998) , it is rarely documented in studies of within-species variation in germination strategies (but see Meyer et al., 1989; Meyer and Monsen, 1991; Cavieres and Arroyo, 2000) .
In this study, we investigate germination behaviour along climatic gradients in the monotypic species Calluna vulgaris (Fig. 1) . Calluna is the keystone species of Europe's heathland systems (Gimingham, 1960; Vandvik et al., 2005) and occurs throughout a broad geographical and climatic range, being found along Europe's western coast from the Strait of Gibraltar to northern Norway, from sea level into the alpine zone (Pyrenees, Alps, Scottish Highlands and Scandinavian Mountains) and even in continental Western Russia (Beijerinck, 1940; Gimingham, 1960) . Calluna has been tested for germination responses both at different thermal regimes (Thomas and Davies, 2002) and along climatic gradients (Lavorel, 1987; Miller and Cummins, 1987; Vera, 1997; Miller and Cummins, 2001 ), but never for both simultaneously. Thermal regime studies have found that germination around 20 8C is generally high (Gimingham, 1960; Thomas and Davies, 2002) , but is reduced by 50 % when approaching 10 or 28 8C, respectively (Grime et al., 1981) . In previous gradient studies, seeds were germinated at or close to this reported optimum germination temperature of 20 8C. When combined, these gradient studies cover a substantial part of the species' North-South distribution but they do not provide consistent results: germination was reported to decrease with altitude in Scotland (Miller and Cummins, 2001) , whereas Vera (1997) and Lavorel (1987) found it to increase with altitude in Northern Spain and Southern France, respectively. It remains unknown whether the reduction in germination towards sub-optimal incubation temperatures as indicated in the thermal regime studies varies systematically along climatic gradients occurring within the species' range, i.e. if there are potentially adaptive germination responses.
We assess germination responses of Calluna seeds to a range of incubation temperatures. The seeds were sampled along two geographical gradients in Norway that cover comparable ranges in temperature conditions: (1) latitudinal along the coast from the temperate south to the sub-arctic north; and (2) altitudinal from the temperate coast into the alpine. Using two gradients rather than one breaks up the space -environment correlation and helps avoid confounding factors arising from co-variation between temperature and other climatic attributes, geographical attributes and historical land use, and should provide a robust picture of whether any emerging patterns are general or local phenomena. As any systematic variation in germination response among populations could also be due to variation in seed mass (Baskin and Baskin, 1998) , which in itself may be related to climate (Moles and Westoby, 2003) , we also assessed variation in seed mass and any impact on germination.
Based on Thomas and Davies (2002) and Grime et al. (1981) , we expect the germination of Calluna seeds to decrease with falling incubation temperature and we specifically ask whether this pattern is (1) consistent among the populations sampled; or (2) varying systematically along climatic gradients in ways indicating either cold tolerance or cold avoidance; and (3) to what extent any climate effect acts independently of seed mass.
MATERIALS AND METHODS

Sample sites and sampling
Calluna seed material was collected between 20 October and 4 November 2007 from 11 heathland sites (i ¼ 1, . . . , m) along two major geographical and climatic gradients in Norway (Fig. 2, Table 1 ). The altitudinal gradient (1-1000 m a.s.l.) comprised the sites of Lygra, Gulbotn, Kvamskogen, Vøringsfossen and Ustaoset, and the latitudinal gradient (5884 ′ N to 69838'N) comprised the coastal sites Lista, Fedje, Møre, Smøla, Bodø and Tromsø. Infructescences of 15 individual plants, spatially separated by at least 15 m, were harvested and thereafter dried at 20 8C for 2 d before the seeds were shaken out and separated from the remaining debris. Unfortunately, the samples from the Vøringsfossen site (800 m a.s.l.) did not contain any intact seeds due to arthropod damage. The seeds from the other ten sites were stored in paper bags at 15 % relative humidity and 15 8C before being used in the germination experiments 5 months later. Generally, low humidity during seed storage should minimize the rate of any after-ripening (Baskin and Baskin, 1979) and, according to Grime et al. (1981) , 6 months dry storage does not affect Calluna germinability. For each individual plant, three replicates of 20 seeds were weighed to the nearest 0.1 mg and used to calculate average seed mass of mother plants and populations.
Climate data
As a measure of the variation in 'climatic adversity' among the Calluna populations, we used the mean annual temperature of each population, calculated from monthly mean interpolations from the 'normal period ' 1960 -1990 (as defined by the World Meteorological Organization). It could be argued that it is seasonal temperatures, rather than annual means, that constitute the main limiting factors for plant recruitment and growth. In our study, however, correlations between mean annual temperature and seasonal means (spring, summer, autumn and winter) were very high (r . 0 . 95), and it was thus not possible to distinguish statistically between the effects of the different seasonal temperatures. Consequently, we chose to use the annual mean as a general measure of the climatic adversity of the sampled populations.
Daily minimum temperature records for the nearest accessible climate station ( period 1950 -2009 ) were used to calculate the occurrence and frequency of 'warm spell followed by frost' (events, from here on called 'frost events', which we defined as days with minimum temperature ,0 8C after three consecutive days with minimum temperature .0 8C). The annual pattern of frost events seems closely connected to mean annual temperature within the sites of our populations (Fig. 1) . The coldest sites are characterized by low frost event probability during winter as temperatures stay consistently below 0 8C and warm spells are rare. With increasing mean annual temperature, the risk of winter frost events also increases. In spring, the coldest sites reach peak frost event probability in April/May, the intermediate ones in April and the warmest ones in March. From the spring peak onwards, the risk of frost events then falls to zero or nearzero in the warmer sites first, resulting in an earlier and longer frost-free season than in the colder sites. In autumn, frost events start to occur from September/October onwards in the warmer sites but already from August in the coldest ones (for Ustaoset there even remains a tiny risk of frost in July). In the warmer sites, the autumn frost event probability stays high compared with in the colder sites where it gradually decreases with decreasing mean annual temperature.
All climate data were provided by the Norwegian Institute of Meteorology (met.no).
Seed germination
Seeds from ten individual plants per population/site ( j ¼ 1, . . . , n i ) were germinated at four different temperatures (10, 15, 20 and 25 8C). All of the Calluna studies to which we relate our results have used constant incubation temperatures; therefore, we also used constant temperatures. For the Møre and the Kvamskogen populations, seeds of several individuals were either dead or eaten, resulting in only five and eight individuals from these populations, respectively. For each individual -treatment combination, three replicates (k ¼ 1, . . . , n ij ) of 22 seeds (l ¼ 1, . . . , n ijk ) were plated on approx. 5 mm deep 1 % water agar in Petri dishes (Sterilin 50 mm diameter, shallow Petri dishes, single vent). For germination, the plates were kept in four independent incubators at the above-mentioned temperatures with 16 h of light and 8 h of darkness per day. Germination was defined as radicle emergence of ≥0 . 5 mm and was scored at least weekly for a maximum of 117 d. Both germinated and decomposing seeds were removed from the dishes.
In a preliminary germination trial, we assessed whether cold stratification was required for the main temperature experiment. Calluna seeds from five of the Norwegian populations in this study (Tromsø, Smøla, Fedje, Lista and Gulbotn; three replicate batches of 20 seeds from one individual per population) were imbibed at 5 8C for both 4 and 8 weeks prior to incubation at 20 8C. Neither of the stratification treatments showed a significant difference in germination after 2 months when compared with a control group incubated at 20 8C without any pretreatment (see the Results). The seeds used in the temperature experiment described above were therefore not cold stratified prior to the main germination trial.
Statistical analysis
For the analysis of germination, we used generalized additive mixed models, hereafter referred to as 'GAMM' (Woods, 2004; Pinheiro et al., 2010) . These models consist of a fixed effects part and a nested random contribution. By accounting for the nested sampling structure in the random effects part, these models handle dependencies provided by pseudo-replication as a potential problem in this study.
The effects of mean annual temperature and seed mass on germination along time in the ten populations across incubation treatments were assessed by models with the following structure:
were b and f(.) are fixed effects to be estimated for interpretation, time is number of days since the incubator experiment was initiated and the bs are nested random contributions specific for replicates of individuals from populations. The latter was implemented here to allow the experimental design to influence the estimation of the fixed effects. The response variable 'germination' is recorded as the number of germinated seeds (success) until that time; hence we assume a binomial distribution with number of seeds in total per replicate as trials. Non-significant fixed effects parameters were removed in a stepwise backward selection if possible. The output statistics of this type of model provide (1) effects on intercepts, which translates into effects on the onset of germination in a seed lot; and (2) effects on curve slopes, which translates into effects on a seed lot's germination rate. The germination rate reflects the uniformity of a seed lot's germination in time. In the seed mass model, all interactions between seed mass and incubation treatment were not significant and hence six parameters could be removed from the model. However, we included the two interaction variables 'seed mass × mean annual temperature' and 'time × seed mass × mean annual temperature' (with the obligatory main factor 'mean annual temperature' giving three more model parameters) in a forward selection process to evaluate the dependency of the seed mass effect on climate.
For the analysis of final germination percentages across population temperature and incubation treatments, we used the same model structure but without the time parameter in the fixed effects. The same accounts for the analysis of the effect of individual seed mass on final germination percentages; we again included mean annual temperature as a covariate but we had to use one model per incubation treatment instead of having incubation treatment as a fixed effect in order to promote model convergence. Final germination percentages were obtained at day 92 after sowing for the 25 8C incubation treatment, day 95 for the 15 and 20 8C incubation treatments, and day 96 for the 10 8C incubation treatment. By these times, germination had ceased in all but the 10 8C incubation treatment.
For the analysis of final germination percentages in the preliminary stratification screening we used a generalized linear mixed effects model (GLMM; Bates et al., 2012) since the GAMM described above would not converge with this smaller data set. Like GAMM, this model consists of a fixed effects part and a random contribution where pre-treatment (4 weeks and 8 weeks of stratification and control) was specified as the fixed effect and 'replicate nested within population' as the random effect.
A jackknife cross-validation procedure on the replicate level was used to assess the relative performance of the germination models of the two gradients with an overall model on all populations; here we used a log-likelihood as summary statistics. The log-likelihood values were compared by paired Wilcoxon rank sum tests to identify the model with the highest predictive performance. The correlation between mean annual temperature and seed mass was assessed by non-parametric Spearman's rank correlation tests as not all variables were normally distributed. The assumption of normality of errors was tested by the Shapiro -Wilk test. All analyses were performed in R 2.12.2. (R Development Core Team, 2010).
RESULTS
Germination responses: incubation temperature vs. climatic severity gradient
Calluna germination performance decreased with falling incubation temperature, showing a delayed onset and a lower rate of germination in the coldest incubation treatment (Table 2) . Further, this pattern varied along the climatic severity gradients as indicated by significant interactions between mean annual temperature and incubation treatment on both intercept and slope. The positive effects of increasing incubation temperature on the intercept were significantly reduced with increasing mean annual temperature; for the positive effects on the slope, however, this was only the case for the 20 8C incubation treatment (Table 2 ). In total, incubation temperature has progressively weaker effects on germination dynamics as the home climate gets warmer, and seeds from colder climates displayed far greater differences in germination timing between the incubation treatments than seeds from populations with warmer climates (Fig. 4) . Likewise, final germination percentages were positively affected by warmer incubation treatments, but the effect was most distinct at the cold end of the climatic gradient while showing progressively smaller differences in the warmer populations (Fig. 5) .
Germination responded consistently to variation in incubation treatments and mean annual temperature along the two gradients (not shown). A comparison of log-likelihood values obtained for the statistical model on all the ten populations with log-likelihood values obtained for the two gradients separately gave no significant difference (P-value ¼ 0 . 7, paired Wilcoxon rank sum tests). Hence, the separation of the two gradients did not yield higher predictive performance and we chose to present one model based on all the ten Calluna populations.
Cold stratification did not influence germination of Calluna seeds significantly (Table 3) . Mean germination after 4 and 8 weeks of pre-chilling treatment was lower than in the control, but was associated with a considerable standard deviation.
Effects of seed mass
The average seed mass in each population ranged between 0 . 020 and 0 . 037 mg seed 21 (Table 1) . Mean annual temperature Asterisks indicate level of statistical significance: ***P , 0 . 001, **P , 0 . 01, *P , 0 . 05, NS, P . 0 . 05. and seed mass were not significantly correlated (r S ¼ 0 . 5, P ¼ 0 . 13, Spearman's rank correlation test).
Seed mass had a significant effect on germination dynamics and final germination percentages; while it did not show any interactions with incubation treatment, the seed mass effects on germination dynamics were significantly related to mean annual temperature. The onset of germination was significantly later for heavier seeds (seed mass main effect on intercept ¼ -41 . 56, P ¼ 0 . 017); however, they then germinated at a higher rate (seed mass main effect on slope ¼ 0 . 43, P , 0 . 01). Mean annual temperature had a positive effect on both the seed mass effect on the intercept (6 . 36, P , 0 . 01, i.e. reducing the seed mass-mediated delay with increasing mean annual temperature) and the seed mass effect on the slope (0 . 03, P , 0 . 01, i.e. increasing the seed mass-mediated germination rates with increasing mean annual temperature). Since the interaction parameters between seed mass and incubation treatment were not significant and hence removed from the model, this slope effect was consistent across all incubation treatments. Final germination percentages were positively affected by seed mass at 20 and 25 8C incubation temperature (the 10 and 15 8C treatments showed similar, but non-significant patterns; results not shown). However, the interaction term 'seed mass × mean annual temperature' was not found to be significant for any of the four incubation treatments and hence mean annual temperature did not alter the effect of seed mass on final germination percentages.
DISCUSSION
For plant species living under severe climatic conditions, seed germination can evolve either to tolerate the environmental stress conferred by the local environment or to be timed to periods of relatively low risk in terms of seedling exposure to potentially lethal conditions. Seedlings are generally considered to be very susceptible to both chilling and frost (Larcher, 2003; Neuner et al., 2008; Marcante et al., 2012) , but several plant species have also been shown to develop seedlings with a certain tolerance towards cold (Baruah et al., 2009) or frost (Aitken and Hannerz, 2001; Hawkins et al., 2003) . In our study, cool incubation temperatures led to later onset, lower rate and lower final percentage of germination, in accordance with previous findings (Grime et al., 1981; Thomas and Davies, 2002) , which indicates a general strategy of cold avoidance for germination. More specifically, our results show that this cold avoidance varies among populations (question 1) being systematically more pronounced in seed lots from cold climates (question 2). The cold avoidance germination strategy in Calluna should hence be considered 'conditional' on the climatic severity of the home site. Similar records of conditional cold avoidance within species are rare, but have been described for other widely distributed species such as Chrysothamnus nauseosus (Meyer et al., 1989) , Artemisia tridentata (Meyer and Monsen, 1991) and Phacelia secunda (Cavieres and Arroyo, 2000) in the Americas. In many other species, cold-stratification germination requirements ensure that germination does not occur until after the winter season (Baskin and Baskin, 1998; Fenner and Thompson, 2005) . Although Grimstad (1985) and Miller and Cummins (2001) report a slight positive effect of cold stratification on Calluna germinability, we found no such response, supporting Gimingham (1960) who stated that Calluna in the British Isles germinates both in autumn, directly after seed set, and in spring. The conditional cold-avoidance strategy found in the Scandinavian Calluna populations appears to be an alternative strategy to achieve the same risk reduction outcome as cold stratification. Thus, by delaying germination at low autumn and early spring temperatures, seedling recruitment will be concentrated in the summer season, particularly for the populations from the coldest locations. Reduced autumn germination would enable seedlings to avoid the hazards imposed by long cold winters in the northern and alpine regions, as compared with warmer climates where Calluna seedling survival over the winter can be high (Gimingham, 1960) .
Risk assessments of warm spells and spring frosts are available for many regions (Laughlin and Kalma, 1987; Avissar and Mahrer, 1988; Tait and Zheng, 2003; Rahimi et al., 2007; Kaukoranta et al., 2010) and, while all our study sites are prone to frost events, their seasonal pattern of occurrence varies among populations (Fig. 3) . Our warmer sites are characterized by an earlier and more rapid decrease in frost event probability during spring, and consequently a longer frost event-free period during the growth season. Here, germinating later in the season may expose seedlings to competitive effects from already dense vegetation cover in late spring/early summer. Conversely, at the severe end of the environmental distribution (here, the cold North and the mountains), a cold-avoidance strategy would protect Calluna seedlings from the high frost risk in early spring, and this could outweigh the disadvantage conferred by higher competition and shorter growing season. In the arctic and alpine, vegetation cover is generally less dense, even later in the growing season, reducing the disadvantage imposed by late germination. Fenner and Thompson (2005) describe a shift from cold (in the North) to drought (in the South) as the key limiting factor for germination and seedling survival across Europe. Calluna records from Spain (Vera, 1997) and Southern France (Lavorel, 1987) , where periods of drought may be more common than in Scandinavia, do indeed show progressively higher germination success at higher elevations, indicating that drought might impose a greater threat to Calluna seedlings in these regions than cold temperatures and frost. In contrast, in Norway, we find faster and higher germination towards warmer climates, which we, in the absence of drought along our climate gradients, attribute to a shift from temperature to competition as the main limiting factor for seedling survival. This may explain why Miller and Cummins (2001) , seemingly in contrast to the previous findings, found slightly decreased germination (germination trial conducted at 20 8C) for seeds from high altitudes in Scotland, as this region resembles Southern Norway in terms of climate.
Seed mass had a significant positive impact on germination in all of the Norwegian Calluna populations tested here, which is in line with a range of species (Baskin and Baskin, 1998) . Heavier seed lots germinated later but, once germination commenced, these seed lots germinated faster than lighter ones. Heavier seeds might simply need more time to imbibe and therefore show a delayed germination onset (Norden et al., 2009) , whereas lighter seed lots might potentially contain some seeds too small to germinate at all, which would bias the germination speed of the seed lot downwards. Variability in seed mass itself may be related to the pre-conditioning environment in which the maternal plants lived (Baskin and Baskin, 1998; Moles and Westoby, 2003) . In our study, seed mass was not related to climate but we found a significant positive interaction between mean annual temperature and seed mass promoting both the germination onset and speed of heavier seed lots from warm populations. In a warmer climate, embryo development may benefit from higher nitrogen availability (Blödner et al., 2007) , and a more even seed development may result in both earlier and more uniform germination. However, seed mass did not show (1) any significant interactions with incubation temperature while it did with mean annual temperature, nor (2) any significant interactions with mean annual temperature in the analyses of final germination percentages, while (3) the interaction effects found in the germination dynamics model were very small compared wuith the main effects on intercept and slope. Therefore, we conclude that the climate-related germination patterns found here are largely independent of seed mass (question 3). Nonetheless, since a range of seed traits other than seed mass can also be affected by the maternal environment (Baskin and Baskin, 1998; Schmuths et al., 2006; Blödner et al., 2007; Hoyle et al., 2008) , our study cannot unequivocally address whether the patterns in germination behaviour in Calluna are based on genetic, long-term adaptations to climate or plastic responses to the annual weather conditions experienced by the mother plant. To distinguish between plastic and genetic responses would require second-generation seeds from populations that have been grown under common conditions (Wagner and Simons, 2008) .
Alongside seed germination, vegetative regeneration has also been reported to play an important role for the sustaining and spreading of Calluna populations. From Spain to SouthWestern Norway (Mallik and Gimingham, 1983; Forgeard, 1990; Calvo et al., 2002) Calluna shrubs frequently re-sprout after fire, but, further north, vegetative recruitment becomes rare, leaving seed germination as the only means of regeneration (Nilsen et al., 2005) . This reduction in ability to regenerate vegetatively might impose an even stronger selective pressure on seedling survival and hence germination timing in the North (and possibly in the mountains).
Our finding of a conditional cold-avoidance strategy for Calluna germination together with previous records from Scotland, France and Spain support a theory of gradual replacement of cold as the main hazard for seedlings as we move south in Europe by first competition and then, further south, possibly drought, that explains varying germination patterns in relation to temperature (Fenner and Thompson, 2005) . Our main results suggest that Calluna in Northern Europe generally avoids hazards imposed by cold climates by cueing germination towards the relatively warm frost-free late spring to early summer season. In populations from less adverse climates, however, the species' cold-avoidance strategy seems to be weakened in favour of earlier germination, which would allow the species to address other limitations of, for example, light and space as a consequence of higher competition under warmer climates. comments on the manuscript, and Eric Meineri was an indispensable source of discussion and mapping expertise. We thank two anonymous referees for their constructive and helpful feedback on this manuscript. This work was supported by the Olaf Grolle Olsens Legat and the Faculty of Mathematics and Natural Sciences at the University of Bergen, Norway.
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